One sentence summary: The principles and approaches we developed in this study can be applied to modify coding and non-coding sequences in essential and non-essential genes and can also be used for precise genome editing in other microorganisms.
INTRODUCTION
Metabolic engineering is very useful for the modification of Escherichia coli to produce biochemicals such as ethanol, fatty acids and amino acids (Leuchtenberger, Huthmacher and Drauz 2005; Steen et al. 2010) . Targeted genomic modification such as introducing point mutations into bacterial chromosomes plays an important role in metabolic engineering. The CRISPR (clustered, regularly interspaced, short palindromic repeat) is important as an adaptive immunity system to prevent invasion of exogenous genes (Makarova et al. 2011 (Makarova et al. , 2015 Marraffini 2015; Mohanraju et al. 2016) . The CRISPR-Cas9 system has provided a powerful tool for RNA-guided genome editing and has been widely applied in several organisms including prokaryotes and eukaryotes (Cong et al. 2013; DiCarlo et al. 2013; Hwang et al. 2013; Jiang et al. 2013; Jinek et al. 2013; Mali et al. 2013 ). An example is the two-plasmid-based system constructed for engineering E. coli (Jiang et al. 2015) . In RNA-guided genome editing based on the Streptococcus pyogenes CRISPR-Cas9 system, an engineered small single-guide RNA (sgRNA) that mimics the trans-activating RNA (tracrRNA)-CRISPR RNA (crRNA) complex in Streptococcus pyogenes directs the Cas9 nuclease to cleave the targeted DNA sequence and generate double-strand breaks at the specific sites of chromosomal DNA (Jinek et al. 2012; Choi and Lee 2016) . Cas9-guide RNA (gRNA) recognizes targeted DNA based on base pairing between the sgRNA consisting of a 20-nucleotide (nt) guide sequence and the targeted DNA that precedes a short DNA motif 5 -NGG Protospacer Adjacent Motif (PAM) (protospacer-adjacent motif) (Marraffini and Sontheimer 2010; Jiang et al. 2013) .
However, in CRISPR-Cas9-mediated point mutation, after homology-directed repair of the initial double-stranded break, there is a risk of repeated cutting by Cas9. If the genomic sites to be edited are located within the protospacer sequence or PAM, This study the gRNA/Cas9 complex recognition will be efficiently disrupted.
If the sites to be edited are not located within the protospacer or PAM, the gRNA/Cas9 complex will still recognize and cleave the target protospacer sequences continuously ). Here we developed a novel genome editing strategy generating a clean mutant with only the target sites mutated in E. coli BL21(DE3). We took the editing of the proB gene in E. coli BL21(DE3) as an example. proB74 mutation, a substitution of an A for a G at nt position 319 of the coding strand of the gene, confers E. coli proline overproduction and enhanced tolerance to osmotic stress (Csonka et al. 1988) .
MATERIALS AND METHODS

Strains, plasmids and growth conditions
The bacterial strains and plasmids used in this study are given in Table 1 . Plasmids pCas and pTargetF used in this study are both available through the non-profit plasmid distribution service Addgene (http://www.addgene.org/crispr-cas). Escherichia coli BL21(DE3) was used as the cloning host and grown in LuriaBertani broth (LB) medium at 37 • C.
Constructing the gRNA plasmid and donor DNA
The primers and N 20 sequences followed by the PAM used in this study are listed in Table 2 . Plasmids and genomic DNA were extracted using the TIAN quick Midi Purification Kit, TIAN-GEN BIOTECH (BEIJING) CO, LTD, Shanghai, China, according to the manufacturer's instructions. Prime STAR R Max DNA polymerase and restriction endonuclease DpnI are both available from TakaRa, Takara Biomedical Technology (Beijing) Co., Ltd., Beijing, China. Plasmid pTargetF-proB was assembled by the isothermal Gibson method using pTargetF, primers ProB1 and ProB2 (Gibson et al. 2009 ). The original 20 bp protospacer (N 20 ) sequence of the gene to be edited was incorporated into the primer ProB1, and the G in bold in Table 2 is the mutation site of interest.
Plasmid pTargetF-21 was also assembled by the isothermal Gibson method using pTargetF, primers Bb1 and Bb2. A 20-bp random unique artificial protospacer (New N 20 ) was designed and incorporated into the primer Bb1. These products were digested with DpnI to remove the pTargetF. These obtained plasmids were transformed into E. coli DH5a for replication and verified by sequencing using primers Pk3/Pk4.
To generate donor DNA pro1, a 20-bp artificial protospacer was incorporated into the primer Po3. The genome of E. coli BL21(DE3) was extracted and used as a template to amplify a fragment using primers Po1/Po2 and another fragment using primers Po3/Po4. pro1 was obtained by overlap extension PCR of these two fragments using primers Po5/Po6. To generate donor DNA pro2, a 20 bp sequence homologous to the original 20 bp protospacer (N 20 ) was incorporated into the primer Po8, but the 'G' of the original N 20 was replaced by 'A' in this 20 bp sequence. The genome of E. coli BL21(DE3) was used as a template to amplify a fragment using primers Po1/Po7 and another fragment using primers Po8/Po4. pro2 was obtained by overlap extension PCR of these two fragments using primers Po5/Po6.
Insertion of an artificial protospacer
To introduce a 20-bp artificial protospacer (New N 20 ), a Basic Local Alignment Search Tool (http://www.rgenome.net/ cas-offinder/) was employed to ensure that the selected 23-bp (N 20 -NGG) sgRNA target had no significant match elsewhere in the genome. Plasmid pCas was transformed into E. coli BL21(DE3) and the transformed product was spread onto LB agar containing kanamycin (50 μg mL −1 ). Escherichia coli BL21(DE3)-competent cells harboring pCas were prepared as previously described (Wang et al. 2009 ). Arabinose was added to the culture at 10 mM final concentration for λ-Red induction when the OD 600 of E. coli BL21(DE3) cells reached 0.1. One hundred nanograms of gRNA plasmid pTargetF-proB and 400 ng donor DNA pro1were added to about 50 μL E. coli BL21(DE3)-competent cells harboring pCas. Electroporation was done in a Bio-Rad Laboratories (Shanghai) Co., Ltd., Beijing, China, Gene Pulser (2 mm cuvette, 2.5 kV). The cells after electroporation were suspended immediately in 1 mL LB liqud medium and recovered at 30
• C for 1 h and then spread onto LB agar containing kanamycin (50 μg mL −1 ) and spectinomycin (50 μg mL −1 ). After being incubated overnight at 30 • C, transformants were identified by colony PCR and DNA sequencing. For the curing of pTargetF-proB, correct colonies harboring both pCas and pTargetF-proB were inoculated in 2 mL of LB medium containing kanamycin (50 μg mL −1 ) and isopropyl β-d-thiogalactoside (0.5 mM). The culture was incubated for 8-16 h and then spread onto LB plates containing kanamycin (50 μg mL −1 ). These colonies were sensitive to spectinomycin was determined (50 μg mL −1 ) to confirm that the pTargetF-proB had been cured. The colonies cured of pTargetF-proB were used in a second round of genome editing. The cells obtained from above steps were named E. coli-N 20 .
Genome editing
To substitute an 'A' for a 'G' at nt position 319 of the coding strand of proB, E. coli-N 20 -competent cells harboring pCas were prepared as previously described. Arabinose was added to the culture at 10 mM final concentration. One hundred nanograms of plasmid pTargetF-21 and 400 ng donor DNA pro2 were co-electroporated into about 50 μL E. coli-N 20 -competent cells harboring pCas. The methods of electroporation and identification were the same as described above. pTargetF-21 was cured according to the above method. pCas was cured by growing the colonies overnight at 43
• C non-selectively (Datsenko and Wanner 2000) .
RESULTS
Replacement of original protospacer by artificial sequence
The 20-bp artificial sequence (5 -CAGCTCTCGGCACTGTAATC-3 ) is a random unique sequence that allows for the repeated use of the same targeting gRNA sequence and PCR primers for confirming the presence of the heterologous protospacer. The artificial sequences were searched in a Basic Local Alignment Search Tool (http://www.rgenome.net/cas-offinder/) and it was shown that the selected 23-bp (N 20 -NGG) sgRNA target had no significant match elsewhere in the genome of the E. coli BL21(DE3). Plasmid pCas was successfully transformed into E. coli BL21(DE3) to allow for the induction of expression of the λ-Red recombineering system. The sgRNA plasmid pTargetF-proB was designed to target the original protospacer and assembled by the isothermal Gibson method.
Plasmid pTargetF-proB and donor DNA pro1 were successfully co-transduction into E. coli BL21(DE3)-competent cells harboring pCas, which is induced by l-arabinose. Transformants were identified by colony PCR and DNA sequencing. The sequencing result of pTargetF-proB demonstrated that the 20 bp original complementary sequences (5 -GCTGCTGACCCGTGCTGATA-3 ) were replaced by the 20 bp artificial sequences (5 -CAGCTCTCGGCACTGTAATC-3 ) (Fig. 1) . After the pTargetF-proB was cured by isopropyl β-dthiogalactoside, these colonies were sensitive to spectinomycin. The mutation strains obtained from the above steps were designated E. coli-N 20 .
Mutation of target site and back-mutation of original protospacer
Escherichia coli-N 20 -competent cells harboring pCas were prepared and induced by arabinose for λ-Red induction. pTargetF-21 was designed to target the 20 bp artificial sequences and assembled by the isothermal Gibson method. pTargetF-21 and donor DNA pro2 were co-electroporated into E. coli-N 20 -competent cells harboring pCas. Transformants were identified by colony PCR and DNA sequencing. The sequencing result shown a substitution of an 'A' for a 'G' at nt position 319 of the coding strand of proB and the 20 bp artificial sequence was back-mutated to its original sequence (Fig. 1) .
After the pTargetF-21 was cured by isopropyl β-d-thiogalactoside, these colonies were sensitive to spectinomycin. pCas was cured by growing the colonies overnight at 43
• C non-selectively.
DISCUSSION
Recombineering has been a powerful genetic engineering tool to introduce precise genetic modification into microbial genomes (Zhang et al. 1998; Datsenko and Wanner 2000; Malaga, Perez and Guilhot 2003; van Kessel and Hatfull 2007) . In traditional recombineering methods, antibiotic resistance genes must be used to isolate recombinants and cured by a technique involving a site-specific recombinase or resolvase (Malaga, Perez and Guilhot 2003; Shenkerman et al. 2014) . Recently, the CRISPR-Cas9 system with recombineering was explored as a simple and highly efficient genome editing method (Barrangou and van Pijkeren 2016; Luo, Leenay and Beisel 2016; Mougiakos et al. 2016; Nayak and Metcalf 2017) . Strategies of CRISPR-Cas9-mediated point mutation suffer several restrictions. Firstly, these strategies have the risk of repeated recognition and cutting by the gRNA/Cas9 complex after the initial double-stranded break is repaired by homologous DNA. Secondly, sequencing is required for the detection of point mutation. Therefore, several strategies have been developed to prevent the gRNA/Cas9 complex from cutting the interest site repeatedly including altering the PAM and inserting a heterology block (Horwitz et al. 2015; Jakočiūnas et al. 2015) .
Here we employed a two-step genome editing strategy in E. coli to achieve a clean mutant with only the target sites and avoid the risk of repeated cutting by the gRNA/Cas9 complex after homology-directed repair of the initial double-stranded break. This strategy needs two CRISPR events. During the first CRISPR event, the 20 bp original protospacer was replaced by an artificial protospacer sequence of the same length using the CRISPR/Cas9 system to prevent repeated cutting by the gRNA/Cas9 complex. During the second CRISPR event, a second sgRNA was used to recognize the introduced artificial protospacer sequence and make the desired mutation. Meanwhile, the artificial protospacer sequence will be changed back to its original sequence, generating a clean mutant with no other unwanted mutations. Using the two-step method described here, we introduced only a single point mutation into the E. coli genome without altering the PAM or inserting additional silent mutations into the genome (Fig. 2) .
This two-step method does not require the introduction of large transposons or selection cassettes. Rather, it transiently introduces an artificial protospacer. This two-step method can be applied to modify coding and non-coding sequences in essential and non-essential genes of any organisms. The principles and approaches we developed in this study are broadly applicable and we hope this method can also be used for precise genome editing in diverse microorganisms and general synthetic biology.
